The aim of this work was to investigate the impact of longterm exposure to low concentrations of sodium arsenite on the cellular response to ionising radiation. Human lymphoblastoid GM1899a cells were cultured in the presence of sodium arsenite for up to six months. Following chemical exposure, acute challenge doses of X-rays were given and chromosome damage (dicentrics, acentric fragments, translocations, micronuclei) as well as cell growth and changes in cell cycle kinetics were determined. Initial short-term chemical exposures determined 8 ng/ml (60 nM) sodium arsenite as a suitable concentration for chronic exposures, which is below the current World Health Organization limit for arsenic in drinking water. At this concentration, cell growth was slightly, but consistently, slower than in untreated cultures throughout the six-month exposure period. Longterm exposure to the chemical induced no dicentrics and did not significantly alter the yield of dicentrics induced by 1 Gy acute X-irradiation. Similar results were obtained for chromosome translocations. In contrast, exposure to 8 ng/ ml sodium arsenite induced significant levels of acentric fragments and micronuclei. Fragment/micronuclei data in combined treatment samples compared with single treatments were consistent with an additive effect of chemical and radiation exposure. As for X-rays, micronuclei induced by sodium arsenite tended to show no centromere in situ hybridisation signal, indicating that they represent structural aberrations rather than mis-segregated chromosomes. Similar results were obtained in human peripheral lymphocytes following short-term exposure to sodium arsenite or X-rays. Overall, an additive effect was observed for all combined exposures. Cellular radiation responses therefore seem to operate without any modulatory effects from chronic low level exposure to sodium arsenite in the systems analysed here.
Introduction
The issue of combined exposures is widely recognised in radiation protection and was considered in detail by UNSCEAR (1) . The report identified a number of chemical agents that have been shown to interact with radiation. Chemicals that contribute in a supra-additive manner to radiation carcinogenesis include nitroso compounds such as MNU, DEN or 4NQO, tumour promoters such as TPA, smoking as well as the heavy metal of great environmental importance, arsenic (1, 2) . Toxicity of arsenic depends on its chemical form, the inorganic being more commonly found in the environment and more toxic than the organic form (3) . Although arsenicals have overall only a weak mutagenic effect in standard bacterial and yeast systems (4-7) they, and especially in inorganic form, have been reported as potent mutagens in certain mammalian cell lines (8) (9) (10) and there is strong epidemiological evidence that arsenic compounds cause cancer in humans (2, 11, 12 ). For example, the level of arsenic in drinking water has been correlated to the incidence of various cancers (12) (13) (14) .
The scientific literature on the underlying mechanisms associated with the toxicity and carcinogenicity of inorganic arsenic is extensive and it has become very important to compare the findings of different in vitro studies and relate them to risk assessment in humans.
The most common human exposure routes to arsenic include water, food, soil and inhalation. Most studies report exposures in terms of total inorganic arsenic, which is the combined trivalent (arsenite) and pentavalent (arsenate) forms of arsenic (15, 16) . Arsenic contamination of groundwater has been reported worldwide (17) , predominantly in South East Asia. The maximum contaminant level of total arsenic in drinking water has been set to 10 µg/l according to the EU directive 98/83 and to the Environmental Protection Agency (18) , which is also the guideline value recommended by the World Health Organization (19) .
Nevertheless, the British Geological Survey estimated that 35 million people in Bangladesh are exposed to arsenic levels >50 µg/l while 57 million are exposed to arsenic levels >10 µg/l (20) . In some western states people are exposed to arsenic from drinking water at levels of up to 50-100 µg/l (21) .
In genotoxicity studies, arsenic-induced effects vary depending on cell type, dose and its chemical form, but they have been shown to include the induction of chromosome damage (22) (23) (24) (25) (26) , DNA strand breaks and DNA-protein cross links (27, 28) . Furthermore, arsenic-containing compounds have been used in cancer therapy for many years (29) . Notably, results of recent studies suggest that arsenic trioxide is effective in relapsed cases of leukaemia (30) , and it has been approved for treatment of acute promyelocytic leukaemia (31) . Its combination with ionising radiation may be a potential therapeutic strategy against p53-deficient leukaemia cells (32) or osteosarcoma (33) . One of the compounds with trivalent arsenic-sodium arsenite has been proposed as a powerful therapeutic agent in the treatment of disseminated melanoma (34, 35) and may be even more effective when combined with radiation in managing this form of cancer (36) . Accordingly, the biological effects of acute combined treatments have been studied in some detail, particularly in a cancer therapy setting and at high chemical concentrations. That treatment with arsenicals may affect subsequent cellular challenge to ionising radiation is readily conceivable.
However, variable effects have been reported, depending on endpoint, doses of exposure, types of cell cultures and chemical forms of arsenic (37) . These issues need to be taken into account when comparing and quantifying important environmental and therapeutic aspects of arsenic action. Exposure to 1μM and 5μM arsenite [As(III)] has been reported to interact synergistically with ultraviolet radiation to induce mutations and alter DNA repair in human lymphoblastoid cells (38) . Yet, in another study the combination of arsenic trioxide and gamma radiation induced a synergistic apoptotic effect on lymphoblastoid cells (39) consistent with data from human HeLa cells (40) , while 1μM sodium arsenite had no significant effect on apoptosis in combination with gamma radiation (39) . A significant additive effect on micronuclei induction was reported for gamma radiation (3 Gy) and 1 μM sodium arsenite (39) .
As with radiation, however, acute exposures to high concentrations of chemical agents are generally rare outside therapeutic scenarios while chronic exposures to low levels are common and large parts of the general population are exposed to some extent (1) .
To date, only little information is available about the interaction of arsenic and ionising radiation in a low level chronic chemical exposure situation. This work aimed to explore one approach to addressing this research need. In particular we assessed the impact of prolonged exposure to environmentally relevant concentrations of sodium arsenite on ionising-radiation-induced chromosome damage. Exposure scenarios were used that in a simplified fashion mimicked the situations in which an individual is exposed chronically to a chemical genotoxin at naturally occurring concentrations and is then exposed to ionising radiation in a medical or accidental context. Given the demonstrated link between chromosomal aberrations and individual cancer risk (e.g. 41) and the extensive knowledge of dose-response relationships for ionising-radiation-induced chromosome aberrations, chromosomal endpoints were selected in this study to monitor combined effects of sodium arsenite and X-rays. The specific endpoints examined were dicentrics plus fragments and rings, translocations, micronuclei and chromatid aberrations.
Materials and methods

Cells
Human lymphoblastoid GM1899a cells (received from Dr M O'Donovan, Astra Charnwood, Loughborough, UK) were grown at 37°C in a humidified atmosphere of 95% air: 5% CO 2 in Dutch Modified RPMI 1640 medium supplemented with 20% heat-inactivated fetal bovine serum, 2 mM sodium pyruvate, 2 mM L-glutamine and antibiotic/antimycotic (penicilin streptomycin solution; Gibco-Biocult, Irvine, UK). For all experiments, asynchronous suspension cultures in the exponential phase of growth were seeded from the same batch. Cultures had a doubling time of ~30 h.
Sodium arsenite treatment
Stock solutions of 100 mg/ml sodium arsenite (Sigma, UK) in water were sterilised by filtration and stored for up to 1 month at room temperature. For acute exposures, cells seeded at 0.6 × 10 5 cells/ml were treated with different concentrations of sodium arsenite for 24 h. For long-term exposures, cells were cultured in the presence of 0 or 8 ng/ml sodium arsenite. Cells were counted, split and medium and chemical renewed every 3.5 days.
Irradiation
Every 4 weeks, aliquots of long-term sodium arsenite-treated cells were exposed at room temperature to 0 or 1 Gy of 250 kVp X-rays, with 11 mA and Al/Cu filtration, at a dose rate of ~1 Gy/min. Physical dosimetry was carried out with a calibrated Farmer dosemeter in the same geometry as the specimens.
Cytokinesis-blocked micronucleus assay
Treated and sham-treated cells were cultured for 24 h in the presence of 3 μg/ ml cytochalasin B and washed with medium. For the acute chemical exposure experiment, cells were resuspended in hypotonic solution [one part culture medium, 2.7 parts distilled water and 0.3 parts dimethylsulfoxide (v:v)] for 5 min, 120 μl aliquots of cell suspension were centrifuged directly on to slides at 1000 rpm for 5 min using a Shandon cytospin centrifuge and slides were air-dried and fixed in 100% methanol for 10 min. Due to a breakdown of the cytospin centrifuge, a different protocol was used for long-term exposures: cells were resuspended in 5 ml cold hypotonic solution (KCl 5.6g/l), spun down again and fixed in 5-ml fixative (acetic acid: methanol, 1:10 v/v) (Fisher, UK). Three drops of formaldehyde 37% (Polysciences, UK) were added and the fixative was changed twice after centrifugation at 600 rpm for 8 min. Fixed cell suspensions were dropped onto pre-cleaned microscope slides with a drawn-out Pasteur pipette and all slides were stained for 3.5-5 min in a 2% aqueous Giemsa solution (BDH Laboratory Supplies,UK), air-dried at room temperature and mounted in DPX mounting medium (Thermo Scientific, UK). Micronuclei in binucleated cells were scored by eye at 1000× magnification with an Axioskop (Zeiss, Germany) microscope under oil immersion. For the centromere micronucleus assay, slides prepared as described above were hybridised as detailed in (42) , except that centromeric probe was purchased from Cambio, UK. A slide scanning microscope system (Metafer, Zeiss, UK) was used to automatically find binucleated cells which were then scored by eye for centromere-positive and centromere-negative micronuclei.
Chromosomal aberration analyses
Colcemid at a concentration of 25 μg/ml was added to each cell culture 22 h after irradiation or mock-irradiation, which was then returned to the incubator for 2 h. After this time cells were spun down, treated with pre-warmed hypotonic KCl solution (5.6 g/l) and incubated for 15 min in a water bath at 37°C, spun down and fixed three times in methanol: acetic acid (3:1 v/v). The slides were prepared and stained with Giemsa solution as described above. Scoring of dicentrics, acentric fragments and all other aberrations was carried out in 33-62 (average 49) metaphases per slide at 1000× magnification under oil immersion using the Metafer® metaphase-finding system (Zeiss, UK). All dicentrics were scored, whether or not they were accompanied by an acentric fragment. In addition, excess acentric fragments were scored, i.e. those not accompanied by a dicentric.
Fluorescence in situ hybridisation assay Chromosomes 2, 3 and 5 and all centromeres were painted by the fluorescence in situ hybridisation procedure following a method previously described by Finnon et al. (43) (probes from Cambio, UK). The three pairs of painted chromosomes fluoresced green with fluorescene isothiocyanate, centromeres were red (Texas Red) and all chromosomes were counterstained blue with 4',6-diamidino -2-phenylindole.
Flow cytometric cell cycle analyses
Cells were harvested by centrifugation at 1200 rpm at 4°C for 5 min and resuspended in phosphate buffered saline. Then 10 6 cells were prepared per tube, fixed in cold ethanol (70%) and stained with 1μg/ml propidium iodide solution. Cells were analysed in a FACSCalibur flow cytometer (Becton Dickinson) with excitation at 488 nm.
Data analyses
General linear model analysis of variance was carried out to investigate the effect of X-rays, chemical, time point, end point and normalisation of the data for chromosome number.
The 'Dose Estimate' software was used to calculate Poisson errors (44) .
Results
Acute genotoxic effects of sodium arsenite
For the initial identification of suitable chemical concentrations for the long-term exposure studies, the micronucleus assay was used to determine the highest concentration that does not induce a significant increase of micronuclei after exposure to sodium arsenite for 24 h. The yield of micronuclei provided a good estimate of the overall genotoxic effect while the percentage of binucleated cells reflected how many cells passed through mitosis into the cytochalasin B-induced cytokinesis block during the chosen time and thus provided an indirect measure of cell production rate. A significant reduction in the percentage of binucleated cells was observed at concentrations of 100 ng/ ml (~0.7 μM) or more while increased micronuclei yields were observed at the 10-fold lower concentration (Figure 1 ). The concentration of 8 ng/ml (0.06 μM) sodium arsenite was chosen for long-term exposures, which is close to naturally occurring concentrations.
Long-term exposures to sodium arsenite GM1899a cells were initially cultured for 2 weeks in the presence of 8 ng/ml sodium arsenite to confirm that this concentration was suitable for long-term exposure experiments. This treatment was well tolerated over the 2-week pilot experiment period, causing a slight reduction in cell production rate and an increase in doubling time from ~30 to ~36 h (Figure 2a ).
During the initial 2-week exposure experiment, samples were taken every 3.5 days for flow cytometric analysis of cell cycle distribution changes. Minor, non-significant fluctuations of the cell cycle distribution were recorded both in controls and in exposed cultures (Figure 2b ). Throughout the 6 months exposure experiment cell counts were obtained every 3.5 days before splitting the cultures. Figure 3 shows that exposure to 8 ng/ml sodium arsenite was well tolerated over the 6 months period, although it caused a consistent 25% reduction in cell numbers (P < 0.0001). Long-term exposure to 8 ng/ml sodium arsenite induced no dicentric chromosomes ( Figure 4A ) but increased levels of acentric chromosome fragments ( Figure 4B ) slightly but consistently above the levels found in sham-exposed cells after 1-6 months of exposure (P < 0.01). Exposure to 1 Gy X-rays induced similar yields of dicentrics at all time points, irrespective of whether cells had been chronically exposed to sodium arsenite or not. Pooling of all time points was therefore justified since no time-dependent changes were observed (Supplementary Table 1 Exposure to 8 ng/ml sodium arsenite increased micronuclei levels slightly but consistently above the baseline levels and in combination with X-rays induced a significant increase in micronuclei compared with X-rays alone (Figure 5 and  Supplementary Table 2 , available at Mutagenesis Online; P < 0.001). This was consistent with an additive effect. As observed for chromosome aberrations, micronuclei formation did not change over the duration of arsenic exposure so that individual counts were pooled to give 63 micronuclei in 1567 binucleated untreated cells; 156 in 1371 X-irradiated cells; 86 in 1305 sodium arsenite-treated cells and 186 in 1310 combined-treated cells. The centromere micronucleus assay was performed to determine whether the observed micronucleus induction by sodium arsenite was caused by mis-segregation of whole chromosomes (resulting in centromere-positive micronuclei) or induction of acentric chromosome fragments (resulting in centromere-negative micronuclei). Figure 6 shows that centromere-negative, but not centromere-positive, micronuclei frequencies increased following treatment with sodium arsenite and/or X-rays, suggesting that chromosome breakage, rather Error bars represent Poisson errors. Significantly increased micronucleus yields (P < 0.05) were detected at concentrations >8 ng/ml, while a significant decrease in the percentage of binucleated cells was seen from 100 ng/ml. than mis-segregation as the underlying mechanism. This finding is consistent with the observed slight increase in acentric fragments in sodium arsenite-treated relative to sham-treated cells ( Figure 4B) . A separate centromere micronucleus experiment using peripheral blood lymphocytes exposed to 1 Gy X-rays or different concentrations of sodium arsenite for 24 h confirmed this finding (Supplementary Figure 1 , available at Mutagenesis Online).
Cells carrying unstable chromosome aberrations such as dicentrics and micronuclei are frequently lost from the culture during cell division. Selection against these cells could therefore prevent the accumulation of these types of aberrations during long-term exposure to sodium arsenite. To determine whether more stable chromosome aberrations such as translocations are induced and accumulate under these conditions, chromosome painting by fluorescence in situ hybridisation was performed on lymphoblastoid cell metaphases after 1 and 6 months of exposure. No translocations involving chromosomes 2, 3 and 5 were detected in 354 untreated or sodium arsenite-treated unirradiated cells. X-irradiated cultures contained a similar level of translocations, whether or not they had been exposed to sodium arsenite (6 in 175 cells vs. 5 in 180 cells). Radiation-induced translocation yields were similar at the beginning (Month 1; 5 in 163 cells) and end (Month 6; 6 in 192 cells) of the longterm exposure experiment. These results suggest that no stable chromosome aberrations are induced or accumulate during low level sodium arsenite exposure.
Discussion
Studies investigating the cellular effects of arsenic exposure are of limited relevance to public health because they were performed using high concentrations of arsenic (45) and their results cannot be extrapolated to the in vivo situation in humans (46, 47) . Even though arsenic has been associated with cytogenetic damage, these reports have utilised doses of arsenic that either affect cell survival or cell growth (9, 48) . In vitro studies have aimed to simulate natural exposure situations by using arsenic concentrations in the range of 1-100 µg/l (0.013-1.3 µM), which are found in drinking water (39) . Moreover, it is well known that ingested arsenic reaches the target in the body at concentrations lower than in the drinking water (49, 50) . For example, the biological effects of trivalent oxygencontaining arsenic compounds occur at concentrations of <5 µM for arsenite and of <1 µM for other trivalent oxygencontaining compounds such as monomethylarsonous acid and dimethylarsinous acid (37) . In contrast, arsenate is the only pentavalent oxygen-containing arsenic compound that has any in vitro activity at concentrations which occur in real life exposure settings (1-10µM). Other pentavalent forms are biologically effective when their concentration reaches millimolar levels (51, 52) .
Here we have demonstrated that exposure of GM1899a cells to sodium arsenite increased micronuclei yields at concentrations of 8-10 ng/ml. Interestingly, the current standard for arsenic in water in the USA and Europe given by the European directive 98/83 and by the Environmental Protection Agency is 10 ng/ml (53) . In this context it is important to note that the toxicity and genotoxicity of arsenic in vivo depend very much on its valence state and its chemical (inorganic or organic) and physical composition which affect absorption and elimination.
Micronuclei can be formed from mis-segregation of entire chromosomes or chromosome fragments (54) . They result from chromosome breakage and/or damage to the mitotic spindle and are used as a measure of genotoxicity (55) . Treatment with 5-200 µM arsenite has been reported to alter microtubule dynamics in 3T3 and HeLa cells (56) (57) (58) and induce abnormal chromosome segregation and chromosome loss in human fibroblasts and HeLa cells (57, 59) . The predominant induction of centromere-negative micronuclei by sodium arsenite shown in Figure 6 and Supplementary Figure 1 (available at Mutagenesis Online) suggests that in our study, using much lower arsenite concentrations, chromosome breakage rather than abnormal chromosome segregation caused the increase in micronucleus frequencies. The lack of dicentric and translocation induction by arsenite is consistent with the notion that arsenite induces only isolated chromosome breakage events, resulting in a low probability of two breaks being sufficiently close to form an exchange-type aberration. To date there has been little systematic research on possible interactions of ionising radiation with arsenic. An exception is the use of combined modalities in tumour therapy, but the high doses and tissue effects involved cannot be easily related to low level combined effects.
In peripheral blood lymphocytes, it was found that 5 μM sodium arsenite (i.e. 80 times the concentration used here for long-term exposure) potentiates the X-ray-induced chromosomal damage (23) . Another study showed that cultured renal carcinoma cells treated with 0.25 μM arsenic trioxide and radiotherapy developed more DNA damage, more apoptosis, a higher production of reactive oxygen species, a larger fraction of cells in G(2)/M phase and a lower mitochondrial membrane potential than cells treated with arsenic trioxide only or with radiotherapy only (for all comparisons, P < 0.05) (60) . A recent pre-clinical study showed that arsenic trioxide also enhances the radiation sensitivity of LNCaP and PC-3 human prostate cancer cell lines (61). We did not perform specific survival or apoptosis assays in this study, and it is therefore not clear whether the enhanced radiosensitivity and apoptosis induction following combined treatment with radiation and arsenic compounds reported for higher arsenic concentrations in the aforementioned studies can also be observed for low level chronic arsenite exposures. The slightly decreased cell growth rates reported here for arsenite-treated cultures (Figure 3 ) may have been caused by slower cell division or increased cell loss.
In our study, exposure to 1 Gy X-rays at any time point during continuous exposure to sodium arsenite induced a similar level of dicentrics, translocations and acentric fragments, irrespective of whether cells had been chronically exposed to sodium arsenite or not. This suggests that chronic exposure to low concentrations of sodium arsenite has little or no effect on the cellular DNA damage response following ionising radiation exposure. Consistent with this notion, results for micronuclei, which were induced by individual treatment with either sodium arsenite or X-rays, indicate an additive effect of these two agents.
This study is in itself insufficient to provide conclusive evidence on human health implications from combined exposures. Supracellular and systemic aspects like inflammatory and immune responses need to be taken into account in future work. However, the cytogenetic endpoints used here are certainly currently the most suitable biomarkers for assessing radiation exposure and cancer risk (62) .
Conclusion
The finding of additive effects for the studied combined exposure of sodium arsenite at a concentration of 8 ng/ml and 1 Gy X-irradiation suggests that cellular radiation sensitivity does not seem to be altered by long-term low level sodium arsenite exposure. Specifically, no significant sensitising effects were observed. Instead, the cellular response mechanisms involved in DNA repair, cell cycle checkpoint control and cell proliferation pathways seem to operate without any modulatory effects from chronic low level sodium arsenite exposure in the in vitro system analysed here.
This study has produced a set of in vitro data which provide a first preliminary insight into the complex issue of combined exposures. Results of this study may help to plan the strategies for further studies of combined chemical/radiation exposures which would be required for health risk assessments for occupational, environmental and medical exposures to chemicals and radiation.
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